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Abstract 17 

Influenza viruses that cause seasonal and pandemic flu are a permanent health threat. The 18 

surface glycoprotein, neuraminidase, is crucial for the infectivity of the virus and therefore an 19 

attractive target for flu drug discovery campaigns. We have designed and synthesized more than 20 

40 3-indolinone derivatives. We mainly investigated the role of substituents at the 2 position of the 21 

core as well as the introduction of substituents or a nitrogen atom in the fused phenyl ring of the 22 

core for inhibition of influenza virus neuraminidase activity and replication in vitro and in vivo. After 23 

evaluating the compounds for their ability to inhibit the viral neuraminidase, six potent inhibitors 3c, 24 

3e, 7c, 12o, 12v, 18d were progressed to evaluate for cytotoxicity and inhibition of influenza virus 25 

A/PR/8/34 replication in in MDCK cells. Two hit compounds 3e and 12o were tested in an animal 26 

model of influenza virus infection.  Molecular mechanism of the 3-indolinone derivatives 27 

interactions with the neuraminidase was revealed in molecular dynamic simulations. Proposed 28 

inhibitors bind to the 430-cavity that is different from the conventional binding site of commercial 29 

compounds. The most promising 3-indolinone inhibitors demonstrate stronger interactions with the 30 

neuraminidase in molecular models that supports proposed binding site. 31 
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Introduction 36 

Seasonal flu is an acute respiratory infection caused by influenza viruses A and B, which 37 

affects nearly 10% of the global population every year [1]. Influenza viruses also constantly pose a 38 

pandemic threat due to their high mutation rate, virulence, fast transmissibility in humans, and 39 

zoonotic potential [2]. Therefore, discovery and development of novel antiviral drugs addressing 40 

influenza viruses are an urgent need. Among the main validated anti-influenza targets, 41 

neuraminidase has been extensively used for small-molecule drug discovery campaigns. 42 

Neuraminidase is one of the major surface glycoproteins responsible for the infectivity of 43 

the virus. This enzyme releases viral particles from infected cells by cleaving sialic acid groups 44 

from glycoproteins [3-5]. To date, neuraminidase inhibitors including oseltamivir, zanamivir and 45 

peramivir are the drugs of choice for treating respiratory infection caused by influenza viruses [6]. 46 

Although these are effective against currently circulating strains of influenza A and B viruses, new 47 

strains resistant to these drugs may emerge suddenly due to specific mutations in the active site of 48 

neuraminidase and then spread rapidly around the world [7-9]. As a result, the search for new 49 

approaches towards influenza inhibition is continuously needed to combat such emerging strains of 50 

influenza viruses. 51 

Influenza A virus neuraminidases form two genetically distinct groups: group-1 contains N1, 52 

N4, N5 and N8 subtypes while group-2 contains N2, N3, N6, N7 and N9 subtypes [10,11]. Among 53 

them, influenza viruses carrying N1 or N2 have circulated in humans, causing pandemics: Spanish 54 

flu (1918-1920), Russian flu (1977) and swine flu (2009) resulted from the H1N1 strain, Asian flu 55 

(1957-1958) came from the H2N2 strain, while Hong Kong flu (1968) is from the H3N2 strain. 56 

Another influenza A virus subtype, H5N1, which causes avian influenza, potentially poses 57 

a pandemic threat for the future and there are concerns about this currently [10,12]. 58 

The active site of influenza A virus N1 neuraminidase consists of a central sialic acid (SA) 59 

catalytic cavity surrounded by the two cavities termed the ‘150-cavity’ and the ‘430-cavity’ [13-15]. 60 

Being a key part of the neuraminidase active site, the SA catalytic cavity accommodates the SA 61 

moiety of the oligosaccharide substrate due to strong interactions with the arginine triad followed 62 

by the glycosidic bond cleavage [16,17]. The first neuraminidase inhibitors zanamivir and 63 

oseltamivir were developed to target this binding pocket [18,19]. The 150- and 430-cavities seem 64 

to play an important role in the dynamic process of ligand binding and represent promising ‘hot 65 

spots’ for rational drug design [14,15]. The 150-cavity is formed within 150-loop (residues 147-152) 66 

region in N1 neuraminidases and appears to close in response to zanamivir and oseltamivir 67 

binding [10, 13]. Yet, the lack of the 150-cavity in crystal structures of N2 and 2009 N1 68 

neuraminidases [20] implies that inhibitors that are capable of binding at this site will be efficient 69 

only against specific neuraminidase variants. Another binding pocket, the 430-cavity, was identified 70 

within the 430-loop (residues 430-439) region using the computational solvent mapping approach 71 

[14, 21]. Molecular modeling studies of H5N1 neuraminidase indicate that the 430-cavity residues 72 
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may interact with SA and oseltamivir and affect their binding [22-24]. In contrast to the 150-cavity, 73 

the 430-cavity is featured in both N1 and N2 subtypes (Fig. 1) and is therefore a more attractive 74 

target for anti-influenza drug discovery.  75 

 76 

Figure 1. Localization of the 430-cavity in the N1 and N2 neuraminidase subtypes. Structures of H1N1 (PDB 77 

ID: 3BEQ) [13] and H2N2 (PDB ID: 3TIC) [25] neuraminidases are shown in grey surface representation. 78 

The SA cavity and the 150- and 430-loops are shown in yellow, cyan and pink surfaces, respectively. This 79 

figure was prepared with the Visual Molecular Dynamics (VMD) 1.9.4 software [26]. 80 

 81 

Several attempts have been made in recent years to develop small molecules that are able 82 

to occupy the 430-cavity (or both the SA- and 430-cavity) of influenza virus neuraminidase [27-32]. 83 

Research has been mainly focused on the modification of oseltamivir and zanamivir, and very few 84 

studies have utilized novel scaffolds to discover molecules that target the 430-cavity. As a result of 85 

high-throughput screening of our proprietary compound library, we identified 3-indolinone 86 

derivatives that inhibit influenza virus and subsequently determined that their target was 87 

neuraminidase. Further studies using machine learning techniques allowed us to optimise their 88 

structure and suggest that they interact with influenza virus neuraminidase in a 430-cavity. The 3-89 

indolinones 3c, 3e, 7c, 12o, 12u, 12v and 18d were selected as the most interesting hits in the 90 

series with neuraminidase N1 interaction and two of them also showed in vivo efficacy in the 91 

influenza model.   92 

Results and Discussion 93 

Synthesis and anti-neuraminidase Activity of Target Compounds 94 

 Screening our in-house scaffold-diverse library for small molecules with anti-neuraminidase 95 

activity resulted in the selection of 3-indolinone-core compounds 1a-d that inhibit influenza virus 96 

A/PR/8/34 (subtype H1N1) neuraminidase at micromolar concentrations in chemiluminescence 97 

(CL)-based enzyme inhibition assays (Table 1).  98 
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Table 1. Inhibition of influenza virus A/PR8/34 neuraminidase of the first series of 99 

methyleneindolin-3-ones 1-3, 7 in a chemiluminescence--based assay  100 

 101 

Cmpd 
Substituents 

IC50 values ± SD , µMa 
R1 R2 

1a H 
 

5.36 ± 2.33 

1b H 
 

1.85 ± 0.64 

1c H 
 

3.01 ± 0.81 

1d H 
 

12.92 ± 6.81 

2 Me 
 

1.00 ± 0.18 

3a COCH3 
 

0.37 ± 0.30 

3b COCH3 
 

1.39 ± 0.80 

3c COCH3 
 

0.10 ± 0.06 

3d COCH3 
 

0.34 ± 0.00 

3e COCH3 

 

0.03 ± 0.00 

3f COCH3 

 

0.47 ± 0.43 

7a COC2H5 
 

0.73 ± 0.32 

7b COC2H5 
 

0.43 ± 0.12 

7c COC2H5 

 

0.23 ± 0.25 
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7d COC2H5 

 

0.30 ± 0.26 

         aIC50: 50% inhibition concentration. Values represent the mean and standard deviation 102 

of three independent experiments- 103 

 104 

Based on these preliminary in vitro findings, a series of new 3-indolinones containing 105 

hydrophobic groups, such as propionyl- or acetyl- at the 1 position were synthesized and 106 

evaluated. In the second series of compounds, we focused on the introduction of various 107 

hydrophobic substituents on the 2-((phenylamino)methylene) moiety, expecting that this 108 

modification might be useful in enhancing anti-neuraminidase activity. Hence, we introduced one, 109 

two, or even three fluorine atoms or methoxy groups as well as an additional phenyl ring. The third 110 

series consists of molecules with a hydrophobic chlorine atom or a methoxy group at the 5 111 

position. We also investigated the effect of scaffold hopping on neuraminidase inhibition. 112 

Therefore, a total of 40 novel new 3-indolinone-core compounds 7, 12-14 and its analogues such 113 

as 18 were designed and evaluated for their anti-neuraminidase activity (Table 2).  114 

Some desired compounds, 2-arylaminomethyleneindolin-3-ones 1a-c, 1-acetyl-2-115 

arylaminomethyleneindolin-3-ones 3a-c were synthesized as described by Ryabova et al. [34]; 2-116 

((benzylamino)methylene)indolin-3-one 1d was obtained as described by Isakovich et al. [35]; and 117 

2-(((4-methoxyphenyl)amino)methylene)-1-methylindolin-3-one 2 was synthesized as described by 118 

Sitkina et al. [36]. All physicochemical properties of our compounds synthesized correspond to 119 

those described earlier (see Experimental Section and Supplementary Materials). 120 

 The target 3-indolinone-based molecules 1-3, 7, 12-14, and 18 were prepared mainly 121 

according to three synthetic schemes (Schemes 1-3). 1-Substituted 2-122 

((arylamino)methylene)indolin-3-ones 1a-d, 2, 3a-f, 7a-d were obtained via 4–5 steps according to 123 

Scheme 1. Commercially available anthranilic acid reacted with chloroacetic acid in the presence 124 

of sodium carbonate in aqueous medium to form N-(2-carboxyphenyl)glycine 4. This intermediate 125 

was then N-acylated with acetic or propionic anhydrides or N-methylated with methyl iodide to give 126 

the corresponding N-substituted acids 5a-c. The treatment of 2-(N-(substituted-127 

methyl)propionamido)benzoic acids 5a-c with acetic anhydride in the presence of triethylamine 128 

provide the intramolecular cyclization into 1-substituted-1H-indole-3-carboxylic acids ethyl ester 6a-129 

c. The final compounds 1a-d, 2, 3a-f and 7a-d were prepared through in situ formation of 130 

enaminoketone using piperidine-carboxaldehyde dimetylacetal followed by transamination of the 131 

resulting intermediates with the corresponding anilines.      132 

     133 
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Scheme 1. Synthesis of 1-substituted 2-((arylamino)methylene)indolin-3-ones 1a-d, 2, 3a-f, and 134 

7a-d. 135 

 136 

Reagents and condition: a) ClCH2COOH, Na2CO3, H2O; b) MeI or Ac2O, or (PrO)2O, Na2CO3, H2O; c) 137 

(AcO)2O, Et3N; d) POCl3, DMF, then KOH e) piperidine, piperidine-carboxaldehyde dimetylacetal, benzene, 138 

rt; f) the corresponding aniline, AcOH, iPrOH. 139 

 140 

 A slightly different synthetic scheme was used to afford the final 1-acetyl-3-indolinones 12-141 

14 (Scheme 2). The 5-substituted 2-aminochloroacetophenones 8a-c were prepared by the 142 

acylation of the corresponding commercial anilines using chloroacetonitrile in the presence of 143 

boron trichloride and aluminum trichloride as Lewis acid additives. Following acetylation of 8a-c 144 

with acetic anhydride provides N-acetamides 9a-c. These intermediates underwent intramolecular 145 

cyclization under basic condition in dimethoxyethane at room temperature, resulting in the 146 

corresponding N-substituted indolin-3-one 10a-c with good yields. The reaction of 10a-c with 147 

piperidine-carboxaldehyde dimetylacetal in benzene yielded and isolated the key intermediate 148 

enaminoketones 11a-c. Compounds 11a-c were then reacted with different anilines to provide the 149 

final products 12-14.       150 

 151 

 152 



 

8 
 

Scheme 2. Synthesis of unsubstituted or 5-substituted 1-acetyl-2-((arylamino)methylene)indolin-3-153 

ones 12a-x, 13a,b and 14a,b.  154 

 155 

Reagents and condition: a) ClCH2CN, BCl3, AlCl3, 0 °C then rt; b) Ac2O, 80-85 °C; c) NaH, DME, 0 °C then 156 

rt; d) piperidine-carboxaldehyde dimetylacetal, piperidine, benzene, rt, e) the corresponding aniline, AcOH, 157 

iPrOH. 158 
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 To investigate the role of the introduction of the nitrogen atom into the benzene ring of 3-159 

indolinone, we synthesized four examples according to Scheme 3. For this, 7-azaindole-3-160 

carboxaldehyde 15 was prepared from 7-azaindole under Duff reaction conditions. N-Acetylation of 161 

15 provided intermediate 16. ''m-Chloroperoxybenzoic acid (mCPBA)-mediated Baeyer-Villiger 162 

oxidation of the formyl group of 16 led to formation of the corresponding formate intermediate, 163 

which upon hydrolysis converted to 1-(3-hydroxy-1H-pyrrolo[2,3-b]pyridin-1-yl)ethan-1-one, which 164 

in turn would tautomerize to 1-acetyl-1,2-dihydro-3H-pyrrolo[2,3-b]pyridin-3-one 17. The desired 165 

products 18a-d were obtained in the same way as described in Scheme 1. 166 

Scheme 3. Synthesis of 1-acetyl-2-(((3-arylamino)methylene)-1,2-dihydro-3H-pyrrolo[2,3-b]pyridin-167 

3-ones 18a-d. 168 

 169 

Reagents and condition: a) Hexamethylenetetramine, 33% AcOH, reflux; b) Ac2O, Et3N, DMAP, rt; c) 170 

mCPBA, CH2Cl2, 0 °C then rt; d) piperidine-carboxaldehyde dimetylacetal, benzene, rt; e) the corresponding 171 

aniline, AcOH, iPrOH. 172 

 173 

Inhibition of Influenza A Virus Neuraminidase 1: Structure-Activity Relationships 174 

Analysis 175 

All novel 3-indolinone derivatives were tested for their neuraminidase inhibitory activity 176 

using a chemiluminescence-based assay (Tables 1-3). In good agreement with previously 177 

published data oseltamivir was used as positive control, with mean IC50 values between 0.1-0.7 178 

nM. As compounds 1a-d exhibited weak inhibition of IVA neuraminidase, we introduced several 179 
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substituents at the 1 position of the 3-indolinone core in an effort to enhance the activity. As shown 180 

in Table 1, the introduction of the methyl group (2) slightly increases anti-neuraminidase activity. At 181 

the same time, compounds with 1-acetyl (3a-f) or 1-propionyl groups (7b-d) show significantly 182 

greater activity against neuraminidase with an IC50 range of 0.03-1.39 µM, suggesting that the 183 

bulky substituent is needed at this position.  184 

In view of the equipotent activity of 1-acetyl- (3a) and 1-propionyl 3-indolinones (7c) against 185 

influenza neuraminidase, we chose the acetyl group for further structure-activity relationship 186 

exploration. In the second series of 3-indolinone-core compounds 12a-x, we focused on studying 187 

the effect of various hydrophobic substituents on the 2-((phenylamino)methylene) moiety on 188 

enzyme inhibition (Table 3). No significant anti-neuraminidase activity was observed, when two or 189 

three fluorine atoms were introduced in various positions on the benzene ring (compounds 12a-d). 190 

Compound 12f with a methoxy group at the meta position demonstrates stronger neuraminidase 191 

inhibition than compound 12e with an ortho-methoxy group. Surprisingly, while compound 12g with 192 

a 3,4-dimethoxyphenyl fragment completely loses its anti-neuraminidase activity, compound 12h, 193 

in which two methoxy groups switch to other positions on the benzene ring (2,5-position), exhibits 194 

modest anti-neuraminidase activity. Increasing the length of the alkyl side chain (compounds 12j, 195 

12k) does not provide useful activity against the viral neuraminidase. The position of the 196 

trifluoromethyl group affects anti-neuraminidase activity, since the meta- and para-positions (12m 197 

and 12n, respectively) of the group lead to a loss of activity compared to its o-position (compound 198 

12l). A different picture was observed in 3-indolinone-based compounds with a trifluoromethoxy 199 

group: compound 12o with the para-position of the group which is more potent that compound 12p 200 

with the meta-position.  201 

 Ethoxycarbonyl-containing compound 12q exhibited good activity against the viral enzyme. 202 

Widely used in medicinal chemistry, the sulfonamide group usually serves as an H-bond acceptor 203 

and a hydrolysis-stable substituent [37]. In our case, the replacement of the ester group by this 204 

group leads to a decrease in anti-neuraminidase activity (compound 12r).  205 

The incorporation of a nitrogen atom into the benzene ring (compound 12s,t) as an 206 

additional H-bond donor also led to a significant decrease in the neuraminidase inhibition, 207 

regardless of its position in the structure. The introduction of an additional hydrophobic benzene 208 

group positively influences the anti-neuraminidase activity of 3-indolinone derivatives (compounds 209 

12u-x); among them, compounds 12u and 12v containing a 3- or 4-benzylphenyl fragment show 210 

potent inhibition of H1N1 neuraminidase in the series of 3-indolinones. 211 

Table 2. Inhibition of influenza virus A/PR/8/34 neuraminidase of the second series of 2-substitued 212 

1-acetyl-methyleneindolin-3-ones 12. 213 
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N

O
HN R1

O  214 

Cmpd 
Substituent 

R 
IC50 values ± SD , µMa 

12a 

 

0.95 ± 0.32 

12b 

 

0.53 ± 0.18 

12c 

 

1.00 ± 0.46 

12d 

 

11.12 ± 1.51 

12e 

 

1.08 ± 0.82 

12f 

 

0.37 ± 0.23 

12g 

 

25.22 ± 17.49 

12h 
 

0.99 ± 0.59 

12i 

 

2.71 ± 0.49 

12j 
 

0.62 ± 0.25 



 

12 
 

12k 
 

0.42 ± 0.39 

12l 

 

0.58 ± 0.29 

12m 

 

0.96 ± 0.67 

12n 
 

0.77 ± 0.17 

12o 

 

0.20 ± 0.07 

12p 
 

5.13 ± 2.16 

12q 

 

0.28 ± 0.28 

12r 

 

0.64 ± 0.49 

12s 
 

1.19 ± 0.41 

12t 
 

1.08 ± 0.36 

12u 

 

0.20 ± 0.20 

12v 

 

0.10 ± 0.03 

12w 

 

0.50 ± 0.32 

12x 

 

0.76 ± 0.28 
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a IC50: 50% inhibition concentration. Values represent the mean and standard deviation of 215 

three independent experiments 216 

 217 

Considering that the chlorine atom or methoxy groups in the indole ring provide substantial 218 

contributions to lipophilicity, we were interested in understanding their importance for influenza A 219 

virus neuraminidase inhibition. The introduction of these substituents at the 5 position of the core 220 

(compounds 13-14) led to an approximately tenfold decrease in anti-NA activity compared to the 221 

activity of unsubstituted derivatives 3c and 12q, suggesting that only an unsubstituted benzene 222 

ring is required for a favorable level of inhibition. 223 

It has recently been reported that 7-azaindole-containing pimodivir (VX-787) represents a 224 

potent in vitro and in vivo inhibitor of different influenza A virus strains, acting on the cap-snatching 225 

function of the PB2 subunit of the influenza A viral polymerase complex [38]. Although its clinical 226 

development was discontinued due to a lack of additional treatment benefits over the current 227 

standard-of-care drugs [39], its core could be useful in anti-influenza medicinal chemistry 228 

campaigns. Inspired by the idea of replacing the indole core with a bioisosteric 7-azaindole core, 229 

we synthesized and evaluated several compounds to test our hypothesis (Table 4). 7-azaindole-230 

based compound 18 generally did not provide the required level of H1N1 neuraminidase inhibition 231 

while compound 18d, containing a bulky lipophilic 3-benzylphenyl moiety at the 2 position, showed 232 

strong activity against neuraminidase 1. This finding also suggests an important role for the indole 233 

core in anti-neuraminidase activity.  234 

Table 3. Inhibition of influenza virus A/PR/8/34 neuraminidase of the third series of 235 

methyleneindolin-3-ones 13 and 14, and their bioisosteric analogues 18. 236 

N

O
HN R2

O

N N

O
HN R2

O

R1

13,14 18           237 

Cmpd 
Substituents 

IC50 values ± SD, µM 
R1 R2 

13a MeO 
 

1.70 ± 0.62 

13b MeO 

 

1.33 ± 0.81 

14a Cl 
 

5.43 ± 3.36 



 

14 
 

14b Cl 

 

2.03 ± 1.26 

18a - 
 

2.00 ± 1.00 

18b - 

 

9.84  ± 6.93 

18c - 

 

1.42 ± 0.82 

18d - 

 

0.15 ± 0.10 

a IC50: 50% inhibition concentration. Values represent the mean and standard deviation 238 

(SD) of three independent experiments 239 

 240 

Because CL-based neuraminidase inhibition assays may reveal false-positive results, we 241 

wanted to confirm inhibition of viral neuraminidase activity for a panel of 3-indolinone derivatives 242 

with different IC50 values in complimentary cell-based assays [40]. The results summarised in 243 

Table S1 clearly demonstrate the lack of HA inhibition compared to NA inactivation, supporting 244 

neuraminidase N1 as a target for our compounds.  245 

Prior to performing molecular dynamics (MD) simulations, we calculated several 246 

physicochemical properties for the selected compounds 3c, 3e, 7c, 12o, 12u, 12v, and 18d, such 247 

as lipophilicity Log P, topological polar surface area (TPSA) values, and numbers of H-bond 248 

acceptors/donors using the SwissADME web tool. Interestingly, the two most potent molecules 3e 249 

and 12v have vastly different Log P, but similar TPSA. This suggests that hydrophobicity alone is 250 

not enough to drive potency. 251 

 252 

Molecular basis of 3-indolinone derivative - neuraminidase complex formation  253 

To get first insights into the binding mechanism and find a rational explanation behind the 254 

differences in IC50 values, we performed molecular dynamics (MD) simulations for hit compounds 255 

and several others with higher IC50 values.  256 

The model system consisted of neuraminidase H1N1 and any of compounds 1a-d. The 257 

source of coordinates of heavy atoms was a crystal structure PDB ID: 3B7E [13] that was a 258 
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complex of the enzyme with the zanamivir inhibitor that occupied the SA-cavity (Fig. 2). MD 259 

simulations predicted that compounds 1a-d with the 3-indolinone-core interacted with the 430-loop 260 

and remained there until the end of the simulation in all the systems studied. Thus, the 3-261 

indolinones 1a-d are predicted to occupy an alternative neuraminidase binding site – the 430-262 

cavity – in contrast to the commercial anti-influenza drugs, zanamivir and oseltamivir , that target 263 

the SA cavity (Fig. 2). 264 

 265 

 266 

Figure 2. Predicted binding modes of 3-indolinones 1a-d in neuraminidase N1 relative to zanamivir and 267 

oseltamivir. Neuraminidase N1 is shown as a grey surface, 430-loop is presented in pink. Zanamivir and 268 

oseltamivir are located in the crystal structures with the neuraminidase (PDB ID: 3B7E [13] and 6HP0 [33], 269 

respectively) and compounds 1a-d configurations obtained in MD simulations are shown in stick 270 

representation. Atom color code: carbon – green, oxygen – red, nitrogen – blue and hydrogen – white. This 271 

figure was prepared using a VMD software [26]. 272 

 273 

We also compared the surface area of the three main N1 neuraminidase pockets (SA 274 

cavity, 150-cavity, and 430-cavity) to determine what molecular properties small-molecule 275 

inhibitors should have in order to bind to the 430-cavity and provide rational modifications of the 3-276 

indolinone scaffold (Table 2). The comparison revealed that the SA cavity is the most polar site 277 

and slightly exceeds the volume of the other two cavities combined. The smallest 150-cavity is 278 

slightly more hydrophobic, characterized by high ratio of the polar solvent-accessible surface area 279 

(SASA) to the total cavity’s SASA (59%). The 430-cavity is formed by hydrophobic residues 280 

Pro326, Trp403, Ile427, Pro431 and together with charged Arg371 and Lys432, it represents the 281 

most apolar site with the largest apolar SASA and the lowest polar SASA ratio (45%). The 282 

methylene groups of the Arg371 and Lys432 side chains are integrated into the hydrophobic 283 

pocket while the charged guanidinium and the amino groups are oriented towards the SA cavity 284 

and the bulk solvent. All these factors together likely favor the binding of hydrophobic small 285 

molecules like those from Table 1 in the 430-cavity. 286 
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Table 4. Comparison for the surface area of N1 neuraminidase pockets (PDB ID: 3BEQ). 287 

 288 

Pocket Total SASA, Å2 Polar SASA, Å2 Apolar SASA, Å2 Volume, Å3 

SA cavity 444 310 134 870 

150-cavity 223 131 92 336 

430-cavity 286 129 157 510 

 289 

Structure of H1N1 neuraminidase and 12u complex obtained in MD simulations is shown 290 

on Figure 3. It shares the same binding patterns with complexes obtained with other compounds. 291 

In summary, from the experimental studies 1-acetyl (1-propionyl for the compound 3e) and 292 

substituents of the phenyl core fragment B (Fig. 3) are likely important for the efficient complex 293 

formation.  294 

The 1-acetyl or 1-propionyl moiety likely forms a stable hydrogen bond with the side chain 295 

of Ser370 that governs proper orientation of the 3-indolinone fragment relative to the side chain of 296 

the Trp403. It facilitates stabilization of the π-stacking interactions between the aromatic rings of 297 

the Trp403 residue and 3-indolinone. Also, binding of the core of these compounds is stabilized by 298 

hydrophobic interactions between their phenyl fragments and the side chain of the Ile427 residue.  299 

Substituents in the phenyl core fragment B may bring different properties that eventually 300 

lowers the IC50 values further. One possibility is the introduction of the large hydrophobic moiety 301 

that is complementary to the binding site composed of the Pro431 residue, methylene fragments of 302 

the side chain of Gln430 and the side chain of Val149 residues. This is clearly observed for 303 

compounds 12u (Fig. 3) and 12v, 18d. As the 430-cavity is exposed to solution, another possibility 304 

is to introduce a substituent to the phenyl core fragment B that may form hydrogen bonds with the 305 

solvent molecules and shield the compound core from the solution. Relevant examples from the 306 

set of hit compounds are the following: 12o, 7c, 3e. For such interactions the meta- orientation of 307 

the substituent is more preferable than para- as the meta-substituent is mostly exposed to the 308 

solution. This pattern is observed if we compare hit compounds with their para-analogues 12p, 7b 309 

and 3d. 310 
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 311 

Figure 3. 2D and 3D representations of H1N1 neuraminidase and compound 12u complex obtained in 312 

molecular dynamics Residues involved in hydrophobic interactions are marked green, π-stacking – violet, 313 

forming hydrogen bonds – black; hydrogen bond is shown with black dashed line. Compound moieties, a 314 

substituent of the phenyl core fragment B and R substituent, that are important for efficient binding, are 315 

highlighted green and blue, respectively. Color code: carbon – green for the compound and cyan for 316 

interacting residues, oxygen – red, nitrogen – blue and hydrogen – white. 317 

 318 

Antiviral Activity of Selected Compounds against Influenza A Virus in Cell Culture 319 

Given their acceptable inhibitory activity in the NA-enzyme assay, compounds 3c, 3e, 7c, 320 

12o, 12v, and 18d were selected to test their in vitro activity in MDCK cells. We performed 321 

cytotoxicity assays with these compounds and evaluated their effect on influenza virus A/PR/8/34 322 

replication in MDCK cells by comparing virus titers in the supernatant of untreated and treated cells 323 

(Table 6). Results from tetrazolium-based cytotoxicity assay showed that compounds 3c, 3e, 12v, 324 

and 18d were non-cytotoxic, whereas compounds 7c and 12o exhibited moderate cytotoxicity on 325 

the MDCK cell line. Compounds 12v and 18d were completely inactive in vitro against the 326 

influenza virus, and compounds 3c and 7c showed acceptable inhibitory activity (Table 6). The 327 

most potent compound against influenza neuraminidase, compound 3e, inhibited the influenza 328 

infectious titer in cell culture at a moderate IC50 concentration. Another NA-active compound, 12o, 329 

showed higher potency in inhibiting influenza virus A PR/8/34 (Table 6), suggesting that this 330 

molecule may inhibit influenza virus replication by binding to neuraminidase at the cellular level.  331 

We have used public data from ChEMBL [55] for compounds screened against influenza 332 

H1N1 (CHEMBL613740) and neuraminidase (ChEMBL6135) to build Bayesian machine learning 333 

models with 5-fold receiver operating characteristic (ROC) values greater than 0.89 and other 334 

statistics were excellent (Figure S1). The phenotypic screening model was initially used to evaluate 335 

our most promising compounds with in vitro neuraminidase inhibition data and to aid select these 336 

compounds for in vitro phenotypic testing (Table 6). Compound 12r had favorable predicted IC50 337 

values that correlate with the observed inhibitory concentration against the virus in cell culture. We 338 
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have additionally compared different machine learning algorithms with the same public H1N1 and 339 

neuraminidase datasets using the same threshold (Figure S2A,B), as well as using these models 340 

to predict compounds in this study (Figure S2C). With a threshold of 10 µM, the predictions were 341 

accurate for several algorithms as well as for the consensus classification for neuraminidase 342 

inhibition. 343 

While the results of these predictions did not appear to be useful for this class of 344 

compound, we then generated models limited to the molecules and data from this study alone 345 

(Figure S3). These models had reasonable cross validation statistics and therefore may be useful 346 

for future iterations and design. 347 

Table 6. Cytotoxicity and anti-influenza A virus activity of selected compounds in MDCK cells 348 

Cmpd 
Cytotoxicity  

CC50(MDCK), µMa 

Inhibitory concentration 

IC50 (A/PR/8/34), µMa 

Selectivity 

index SIb 

Bayesian 

modelc 

Domain 

modeld  

3c 1814.42±230.26 12.00±3.20 151 0.47 0.60 

3e 1479.63±302.57 33.80±6.80 44 0.47 0.58 

7c 94.97±23.26 11.30±1.00 8 0.43 0.59 

12o 104.92±30.58 3.00±0.80 35 0.48 0.51 

12v 1740.24±239.35 111.40±16.30 16 0.44 0.56 

18d 540.11±109.59 120.10±13.60 5 0.44 0.52 
aThe values represent the mean ± standard deviation (SD) of three independent experiments; bThe 349 

selectivity index (SI) was defined as the ratio of CC50 to IC50; cA score of 0.5 or greater is ideal for 350 

Bayesian model; dHigher domain values are preferred. 351 

 352 

Comparison of the Efficacy of Compounds 3e and 12o in a Mouse Model of 353 

Influenza H1N1 Pneumonia  354 

In preliminary efficacy studies, compounds 3e and 12o were administered orally at a dose 355 

of 50 mg/kg to assess their protection of BALB/c mice lethally challenged with A/California/04/2009 356 

virus. The following endpoints were checked: virus titer in the lungs, body weigh changes, and 357 

survival rate. All negative-control mice (virus-infected and treated with saline) continuously lost 358 

body weight (Fig. 4C) and died from infection (100% mortality, Fig 4A) by day 11 after virus 359 

inoculation. Body weight loss was prevented in all animals treated either with compound 3e or 12o 360 

(Fig. 4A), and robust weight gain was observed during the study period. Treatment with either 3e 361 

or 12o resulted in a 30% survival rate, whereas oseltamivir provided a 50% survival rate in this 362 

mouse model (Fig. 4A). Treatment with either compound appeared to inhibit influenza virus 363 

replication in the lungs compared to the negative control, but these differences were non 364 

statistically significant. In addition, the virus was not completely eliminated from the lungs, and an 365 

increased dose or treatment duration may be required.  366 
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 367 

Figure 4. Efficacy studies in mice infected with influenza virus A/California/04/2009 (n = 10 per group). A) 368 

Survival plot; B) Results of lung virus titer determination on 4th day of infection (n = 3); c) Body weight 369 

change. *P ≤ 0.05.  370 

Conclusion 371 

Influenza viruses pose a health threat due to their high mutation rate and rapid 372 

transmissibility in humans. Of the established anti-influenza targets, neuraminidase appears to be 373 

the most valuable to date. Current commercial neuraminidase drugs, such as oseltamivir and 374 

zanamivir, are not without their known limitations. The development of new, improved inhibitors of 375 

the same enzyme therefore seems logical. Despite the highly polar SA cavity carrying the above-376 

mentioned commercial drugs, neuraminidase has a smaller, mostly apolar binding site, the 430-377 

cavity, which can also be a target for inhibitors. We propose 3-indolinone derivatives, describe their 378 

design, synthesis and inhibitory potency and suggest that this group of compound has bright 379 

perspective for future development. Molecular modelling shows that these compounds bind to the 380 

430-cavity and specific inhibitor fragments responsible for the tight binding are determined. 381 

Hydrophobic, stacking and hydrogen bonding interactions determine binding efficiency and are 382 

most pronounced for the hits.  Some more potent compounds, including 3c (0.24 µM), 3e (0.03 383 

µM), 7c (0.23 µM), 12o (0.20 µM), 12u (0.20 µM), 12v (0.10 µM), 18d (0.15 µM), inhibited the 384 

neuraminidase enzyme in a CL-based assay and were then further evaluated in whole cell assays. 385 

Two promising compounds, 3e and 12o, were then evaluated in a mouse model of influenza 386 

A/California/04/2009 (H1N1)pdm09 virus infection, demonstrating efficacy and their potential for 387 

future development of this class of inhibitors as anti-influenza agents.  388 

Experimental Section 389 

Chemistry 390 

General Methods 391 

All reagents and solvents were purchased from commercial suppliers (AlfaAesar, Acros, 392 

Chimmed) and used without further purification. The 1H and 13C spectra were recorded on a Bruker 393 
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AC-200 NMR spectrometer (200 MHz, 1H; 50 MHz, 13C). Chemical shifts were measured in DMSO-394 

d6 or CDCl3, using tetramethylsilane as an internal standard, and reported as ppm values. The 395 

following abbreviations are used to indicate multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; 396 

quint, quintet; hex, hextet; m, multiplet; brs, broad singlet. Mass spectra were recorded on a 397 

Finnigan MAT INCOS 50 quadrupole mass spectrometer (EI, 70 eV) with direct injection. Purity of 398 

the final compounds were analyzed by analytical high-performance liquid chromatography (HPLC) 399 

on an Elute HPLC system (Bruker Daltonik GmbH, Heidelberg, Germany) equipped with an Azura 400 

UVD 2.1S UV detector (Knauer, Berlin, Germany) with a wavelength at 254 nm and acquisition rate 401 

at 1 Hz. Chromatographic separation was carried out on an Acquity HSS T3 column (2.1 × 100 402 

mm, 1.3 µm, 100 Å) at 30 °C, sample injection volume – 2.0 µL. A mobile phase consisting 0.1 % 403 

formic acid in water (A), and 0.1 % formic acid in acetonitrile (B) was programmed with gradient 404 

elution of 30-95% at a flow rate of 250 µL/min. Data were processed with a Compass DataAnalysis 405 

5.1 software (Bruker Daltonik). All final compounds were > 95 % pure. Elemental analysis (% C, H, 406 

N) was performed on an EURO EA elemental analyzer. Melting points were determined on an 407 

Electrothermal 9001 melting point apparatus (10 ºC per min) and were uncorrected. Merck KGaA 408 

silica gel 60 F254 plates were used for analytical thin-layer chromatography. Spots were detected by 409 

a UV lamp. Column chromatography was performed using a Merck 60 silica gel 60 (70-230 mesh). 410 

Yields refer to purified products and were not optimized. 411 

N-(2-carboxyphenyl)glycine 4 was prepared from anthranilic acid and chloroacetic acid as 412 

described by Nuthakki et al. [41]. 2-(N-(Carboxymethyl)propionamido)benzoic acid 5 was 413 

synthesized from N-(2-carboxyphenyl)glycine 4 and propionic anhydride as described by 414 

Tighineanu et al. [42]. 2-Aminochloroacetophenones 8a-c, N-(2-(2-chloroacetyl)phenyl)acetamides 415 

9a-c and the corresponding 1-acetyl-3-indolinones 10a-c were obtained as described by 416 

Sugasawa et al. [43]. 1-Acetyl-2-(piperidin-1-ylmethylene)indolin-3-one 11a was synthesized as 417 

described by Ryabova et al., 5-methoxy- and 5-chloro-1-acetyl-2-(piperidin-1-ylmethylene)indolin-418 

3-one 11b and c, respectively, were synthesized in a similar manner from the corresponding 1-419 

acetylindolin-3-ones  [34]. 7-Azaindole-3-carboxaldehyde 15 was prepared in a similar way as 420 

described by Robinson [44]. Synthesis of 1-acetyl-1H-pyrrolo[2,3-b]pyridine-3-carbaldehyde 16 421 

was carried out according to the procedure of Cheng et al. [45]. 1-Acetyl-1,2-dihydro-3H-422 

pyrrolo[2,3-b]pyridin-3-one 17 was obtained as described by Desarbre and Mérour [46]. 423 

Synthetic Procedures 424 

2-((Phenylamino)methylene)indolin-3-one 1a, 2-(((4-chlorophenyl)amino)methylene)indolin-3-one 425 

1b, 2-(((4-methoxyphenyl)amino)methylene)indolin-3-one 1c 1-acetyl-2-((phenylamino)methylene)-426 

indolin-3-one 3a, 1-acetyl-2-(((4-chlorophenyl)amino)methylene)indolin-3-one 3b and 1-acetyl-2-427 

(((4-methoxyphenyl)amino)methylene)indolin-3-one 3c were synthesized according to [34], 2-428 

((benzylamino)methylene)indolin-3-one 1d was obtained according to [35] and 2-(((4-429 

methoxyphenyl)-amino)methylene)-1-methylindolin-3-one 2 according to [36].  430 

 431 
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Synthesis of 1-R-1H-indol-3-yl acetate 6 432 

 To a mixture of acetic anhydride (10 eqv, 25 mL) and trimethylamine (2 eqv, 5 mL), benzoic 433 

acid 5 (1 eqv, 5 g) was added, and the reaction mixture was refluxed for 30 min. The reaction 434 

mixture was concentrated in vacuo, the residue was treated with water and extracted with 435 

dichloromethane (3-times). The combined organic phases were washed with water (3-times), dried 436 

over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by column 437 

chromatography using benzene as eluent (RF 0.6) to afford the product (2.25 g, 46 %) as a white 438 

solid. 439 

General procedures for the synthesis of 1-propionyl-2-((arylamino)methylene)indolin-3-ones 440 

7a-d 441 

A mixture of 1-R-1H-indol-3-yl acetate 6 (1 eqv) was transformed into corresponding 442 

indoline-3-on as described in [36] but fithout additional purification via recrystallization, piperidine 443 

(1.5 eqv) and piperidine-carboxaldehyde dimetylacetal (3 eqv) in benzene (5 mL) were added and 444 

the reaction mixture was refluxed for 3 h, concentrated in vacuo, and to the residue (1 eqv) was 445 

added the corresponding aniline (1.2 eqv), AcOH (2.5 mL) in isopropanol (5 mL). The reaction 446 

mixture was refluxed for 20 min. After cooling to rt, the precipitate was filtered off, washed with 447 

isopropanol and ethyl ether, and recrystallized from isopropanol to afford the corresponding 448 

product 7a-d. 449 

1-Propionyl-2-(((4-methoxyphenyl)amino)methylene)indolin-3-one 7a 450 

Yield 0.15 g (50 %), white solid, mp. 184-185 °C. 1H NMR (DMSO-d6; δ, ppm): 1.20 (3H, t, J = 451 

7.1 Hz, CH3CH2CO), 3.05 (2H, q, J = 7.0 Hz, CH3CH2CO), 3.76 (3H, s, CH3O), 6.99 (2H, d, J = 452 

8.9 Hz, 2CHar), 7.14-7.46 (3H, m, 3CHar), 7.55-7.73 (1H, m, CHar), 7.79 (1H, d, J = 7.6 Hz, 4-CHar), 453 

7.96 (1H, d, J = 8.6 Hz, 7-CHar), 9.04 (1H, brs, CH), 11.96 (1H, brs, NH). 13C NMR (DMSO-d6; δ, 454 

ppm): 8.7, 30.8, 55.2, 115.0, 115.8, 116.5, 117.8, 122.1, 123.1, 125.0, 132.9, 137.0, 142.4, 156.0, 455 

172.0. MS (EI; rel. int., %): m/z 294 (M+, 91). Anal. calcd for C18H18N2O2: C, 73.45; H, 6.16; N, 9.52. 456 

Found: C, 73.57; H, 6.23; N, 9.61. 457 

1-Propionyl-2-(((4-fluorophenyl)amino)methylene)indolin-3-one 7b 458 

Yield 0.03 g (36 %), white solid, mp.146-148 °C. 1H NMR (DMSO-d6; δ, ppm): 1.19 (3H, t, J = 459 

7.1 Hz, CH3CH2CO), 3.05 (2H, q, J = 7.1 Hz, CH3CH2CO), 7.09-7.55 (5H, m, 5CHar), 7.68 (1H, t, J 460 

= 7.8 Hz, 5-CHar), 7.79 (1H, d, J = 7.5 Hz, 4-CHar), 7.97 (1H, d, J = 8.5  Hz, 7-CHar), 9.02 (1H, brs, 461 

CH), 11.90 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 8.9, 31.0, 116.2, 116.4, 116.7, 116.9, 462 

118.3, 118.5, 122.5, 123.5, 124.1, 124.9, 127.2, 127.7, 133.6, 136.4, 136.4, 136.7, 143.0, 156.3, 463 

161.1, 172.3, 180.1. MS (EI; rel. int., %): m/z 310 (M+, 88). Anal. calcd for C18H15FN2O2: C, 69.67; 464 

H, 4.87; N, 9.03. Found: C, 69.74; H, 4.93; N, 9.08. 465 

1-Propionyl-2-(((3-fluorophenyl)amino)methylene)indolin-3-one 7c 466 

Yield 0.05 g, (16 %), white solid, mp. 118-120 °C. 1H NMR (DMSO-d6; δ, ppm): 1.18 (3H, t, J = 467 

7.1 Hz, CH3CH2CO), 2.97 (2H, q, J = 7.5  Hz, CH3CH2CO), 6.90 (1H, t, J = 8.4  Hz, 1CHar), 7.00-468 
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7.54 (4H, m, 4CHar), 7.54-7.84 (2H, m, 2CHar), 7.92 (1H, d, J = 8.4 Hz, 7-CHar), 8.95 (1H, brs, CH), 469 

11.77 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 8.9, 31.0, 103.2, 103.8, 109.8, 110.2, 112.5, 470 

116.9, 122.6, 123.5, 124.6, 131.3, 131.5, 133.9, 135.3, 141.7, 141.9, 143.4, 160.6, 165.5, 172.3, 471 

180.7. MS (EI; rel. int., %): m/z 310 (M+, 85). Anal. calcd for C18H15FN2O2: C, 69.67; H, 4.87; N, 472 

9.03. Found: C, 69.59; H, 4.82; N, 8.97. 473 

1-Propionyl-2-(((3,4-difluorophenyl)amino)methylene)indolin-3-one 7d 474 

Yield 0.067 g (17 %), white solid, mp. 149-150 °C. 1H NMR (DMSO-d6; δ, ppm): 1.17 (3H, t, J = 475 

7.1 Hz, CH3CH2CO), 2.97 (2H, q, J = 7.5 Hz, CH3CH2CO), 6.95-7.20 (1H, m, CHar), 7.20-7.57 (3H, 476 

m, 3CHar), 7.57-7.83 (2H, m, 2CHar), 7.92 (1H, d, J = 8.5 Hz, 7-CHar), 8.87 (1H, brs, CH), 11.71 477 

(1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 8.9, 25.4, 31.0, 106.8, 106.2, 112.8, 112.9, 116.8, 478 

116.8, 118.1, 118.5, 122.5, 122.8, 123.5, 124.1, 124.6, 133.8, 135.7, 137.1, 137.3, 143.2, 143.3, 479 

143.5, 147.4, 147.6, 148.0, 148.3, 152.2, 152.5, 172.2, 180.5. MS (EI; rel. int., %): m/z 328 (M+, 480 

90). Anal. calcd for C18H14F2N2O2: C, 65.85; H, 4.30; N, 8.53. Found: C, 65.78; H, 4.23; N, 8.57. 481 

General procedures for the synthesis of 1-acetyl-2-((arylamino)methylene)indolin-3-ones 3d-482 

f, 12a-x, 13a-b and 14a-b 483 

A mixture of 1-R-1H-indol-3-yl acetate 6d or corresponding 1-acetyl-2-(piperidin-1-484 

ylmethylene)indolin-3-one 11a-c (1 eqv), the corresponding aniline (1.1 eqv) and AcOH (3.0 mL) in 485 

isopropanol (6 mL) was refluxed for 20-30 min or stirred at rt for 2-3 h. After cooling to rt, the 486 

precipitate was filtered off, washed with isopropanol and diethyl ether, and recrystallized from the 487 

corresponding solvent to afford the corresponding product 3d-f, 12a-x 13a-b or 14a-b. 488 

1-Acetyl-2-(((4-fluorophenyl)amino)methylene)indolin-3-one 3d 489 

 Yield 0.2 g (68 %), white solid, mp. 167-168 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.69 490 

(3H, s, CH3CO), 7.29 (5H, m, CH, 4CHar), 7.56-7.88 (2H, m, 2CHar), 7.94 (1H, d, J = 8.5 Hz, 7-491 

CHar), 8.93 (1H, d, J = 9.6 Hz, CH), 11.81 (1H, d, J = 11.4  Hz, NH). 13C NMR (DMSO-d6; δ, ppm): 492 

26.8, 116.2, 116.6, 116.7, 118.2, 118.4, 122.4, 123.6, 124.8, 133.5, 136.5, 143.2, 156.3, 161.1, 493 

168.6, 180.0. MS (EI; rel. int., %): m/z 296 (M+, 69). Anal. calcd for C17H13FN2O2: C, 68.91; H, 4.42; 494 

N, 9.45. Found: C, 68.85; H, 4.34; N, 9.37. 495 

1-Acetyl-2-(((3-fluorophenyl)amino)methylene)indolin-3-one 3e 496 

Yield 0.13 g (44 %), white solid, mp 122-123 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.67 (3H, 497 

s, CH3CO), 6.89 (1H, t, J = 7.7 Hz, 5-CHar), 6.99-7.54 (4H, m, 4CHar), 7.54-7.84 (2H, m, 2CHar), 498 

7.93 (1H, d, J = 8.5 Hz, 7-CHar), 8.91 (1H, brs, CH), 11.73 (1H, s, NH). 13C NMR (DMSO-d6; δ, 499 

ppm): 26.8, 103.2, 103.7, 109.8, 110.2, 112.4, 116.5, 116.8, 122.5, 123.6, 124.7, 131.3, 131.5, 500 

133.8, 135.1, 141.6, 141.8, 143.5, 160.6, 165.4, 168.6, 180.6. MS (EI; rel. int., %): m/z 296 (M+, 501 

75). Anal. calcd for C17H13FN2O2: C, 68.91; H, 4.42; N, 9.45. Found: C, 68.88; H, 4.51; N, 9.50. 502 

1-Acetyl-2-(((3,4-difluorophenyl)amino)methylene)indolin-3-one 3f 503 

Yield 0.18 g (62%), white solid, mp 168-169 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.66 504 

(3H, s, CH3CO), 7.08 (1H, d, J = 8.9  Hz, 2’-CHar), 7.20-7.54 (3H, m, 3CHar), 7.54-7.80 (2H, m, 505 

2CHar), 7.91 (1H, d, J = 8.5 Hz, 7-CHar), 8.80 (1H, s, CH), 11.65 (1H, brs, NH). 13C NMR (DMSO-506 
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d6; δ, ppm): 26.6, 105.9, 106.3, 112.9, 112.9, 113.0, 113.0, 116.5, 116.9, 118.1, 118.5, 122.5, 507 

123.6, 124.7, 133.8, 135.6, 137.2, 143.7, 168.5, 180.6. MS (EI; rel. int., %): m/z 314 (M+, 85). Anal. 508 

calcd for C17H12F2N2O2: C, 64.97; H, 3.85; N, 8.91. Found: C, 65.05; H, 3.91; N, 8.83. 509 

1-Acetyl-2-(((2,3-difluorophenyl)amino)methylene)indolin-3-one 12a 510 

Yield 0.07g (24 %), white solid, mp 176-177 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.68 511 

(3H, s, CH3CO), 6.90-4.49 (4H, m, 4CHar), 7.50-8.05 (3H, m, 3CHar), 8.93 (1H, brs, CH), 11.90 (1H, 512 

brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.3, 110.6, 110.9, 11.6, 16.2, 117.5, 122.5, 123.4, 124.2, 513 

124.9, 125.0, 125.1, 125.2, 129.9, 130.0, 133.9, 134.1, 137.5, 137.8, 142.4, 142.7, 143.7, 147.5, 514 

147.7, 152.3, 152.5, 168.1, 181.3. MS (EI; rel. int., %): m/z 314 (M+, 77). Anal. calcd for 515 

C17H12F2N2O2: C, 64.97; H, 3.85; N, 8.91. Found: C, 64.88; H, 3.75; N, 9.01. 516 

1-Acetyl-2-(((3,5-difluorophenyl)amino)methylene)indolin-3-one 12b 517 

Yield 0.07 g (24 %), white solid, mp 209-210 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.67 518 

(3H, s, CH3CO), 6.82 (1H, tt, J = 9.3 Hz, 2.2, 4’-CHar), 6.93-7.18 (2H, m, 2CHar), 7.30 (1H, t, J = 7.4 519 

Hz, 5-CHar), 7.51-7.84 (2H, m, 2CHar), 7.95 (1H, d, J = 8.5 Hz, 7-CHar), 8.77 (1H, brs, CH), 11.58 520 

(1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.2, 97.4, 97.9, 99.3, 99.7, 99.9, 116.3, 117.1, 122.3, 521 

123.4, 124.2, 133.8, 133.9, 144.0, 168.3, 181.0. MS (EI; rel. int., %): m/z 314 (M+, 81). Anal. calcd 522 

for C17H12F2N2O2: C, 64.97; H, 3.85; N, 8.91. Found: C, 64.86; H, 3.72; N, 8.84. 523 

1-Acetyl-2-(((3,4,5-trifluorophenyl)amino)methylene)indolin-3-one 12c 524 

Yield 0.05 g (16 %), white solid, mp 184-185 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.67 525 

(3H, s, CH3CO), 6.99-7.52 (3H, m, 3CHar), 7.52-7.87 (2H, m, 2CHar), 7.97 (1H, d, J = 8.5 Hz, 7-526 

CHar), 8.71 (1H, brs, CH), 11.55 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.7, 95.4, 101.2, 527 

101.7, 116.7, 117.2, 122.6, 123.7, 124.4, 126.3, 127.9, 132.4, 134.2, 134.6, 136.7, 137.3, 144.0, 528 

148.4, 153.3, 168.6, 181.0. MS (EI; rel. int., %): m/z 332 (M+, 76). Anal. calcd for C17H11F3N2O2: C, 529 

61.45; H, 3.34; N, 8.43. Found: C, 61.53; H, 3.27; N, 8.36. 530 

1-Acetyl-2-(((3,4-difluorobenzyl)amino)methylene)indolin-3-one 12d 531 

Yield 0.10 g (31 %), white solid, mp 154-155 °C (ethyl acetate). 1H NMR (DMSO-d6; δ, ppm): 2.62 532 

(3H, s, CH3CO), 4.62 (2H, brs, CH2), 6.91-8.16 (7H, m, 7CHar), 8.66 (1H, brs, CH), 10.35 (1H, brs, 533 

NH). 13C NMR (DMSO-d6; δ, ppm): 26.9, 50.7, 114.2, 116.4, 116.8, 117.5, 117.8, 122.0, 123.2, 534 

124.2, 124.3, 125.6, 132.5, 136.6, 142.0, 146.4, 168.1, 178.3. MS (EI; rel. int., %): m/z 328 (M+, 535 

76). Anal. calcd for C18H14F2N2O2: C, 65.85; H, 4.30; N, 8.53. Found: C, 65.92; H, 4.38; N, 8.49. 536 

1-Acetyl-2-(((2-methoxyphenyl)amino)methylene)indolin-3-one 12e 537 

Yield 0.18 g (58 %), white solid, mp 179-180 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.68 538 

(3H, s, CH3CO), 3.93 (3H, s, CH3O), 6.86-7.52 (5H, m, 5CHar), 7.63 (1H, t, J = 7.7 Hz, 5-CHar), 539 

7.77 (1H, d, J = 7.5 Hz, 7-CHar), 9.03 (1H, d, J = 12.6 Hz, CH), 12.02 (1H, d, J = 12.7 Hz, NH). 13C 540 

NMR (DMSO-d6; δ, ppm): 26.9, 56.0, 111.7, 113.3, 116.5, 116.9, 121.4, 122.5, 123.6, 123.9, 541 

125.0, 128.7, 133.4, 134.7, 143.1, 148.0, 168.6, 180.0. MS (EI; rel. int., %): m/z 308 (M+, 83). Anal. 542 

calcd for C18H16N2O3: C, 70.12; H, 5.23; N, 9.09. Found: C, 70.23; H, 5.14; N, 9.01. 543 

1-Acetyl-2-(((3-methoxyphenyl)amino)methylene)indolin-3-one 12f 544 
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Yield 0.14 g (46 %), white solid, mp 104-105 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.68 545 

(3H, s, CH3CO), 3.81 (3H, s, CH3O), 6.61-6.98 (3H, m, 3CHar), 7.11-7.48 (2H, m, 2CHar), 7.49-7.86 546 

(2H, m, 2CHar), 7.93 (1H, d, J = 8.5 Hz, 7-CHar), 8.95 (1H, brs, CH), 11.73 (1H, brs, NH). 13C NMR 547 

(DMSO-d6; δ, ppm): 26.3, 55.0, 102.2, 108.4, 109.3, 116.2, 122.2, 123.2, 124.6, 130.4, 133.3, 548 

135.6, 140.8, 143.2, 160.4, 168.2, 180.0. MS (EI; rel. int., %): m/z 308 (M+, 88). Anal. calcd for 549 

C18H16N2O3: C, 70.12; H, 5.23; N, 9.09. Found: C, 70.21; H, 5.34; N, 9.14. 550 

1-Acetyl-2-(((3,4-dimethoxyphenyl)amino)methylene)indolin-3-one 12g 551 

Yield 0.22 g (71 %), white solid, mp 199-200 °C (methanol:DMF). 1H NMR (DMSO-d6; δ, ppm): 552 

2.67 (3H, s, CH3CO), 3.75 and 3.83 (3H, s, 2CH3O), 6.55-7.16 (3H, m, 3CHar), 7.29 (1H, t, J = 7.4 553 

Hz, 5-CHar), 7.48-8.07 (3H, m, 3CHar), 8.91 (1H, brs, CH), 11.85 (1H, brs, NH). 13C NMR (DMSO-554 

d6; δ, ppm): 26.6, 55.9, 56.2, 102.7, 108.3, 113.7, 116.1, 116.5, 122.3, 123.4, 125.2, 133.2, 133.8, 555 

137.0, 43.0, 146.2, 150.2, 168.4, 179.5. MS (EI; rel. int., %): m/z 338 (M+, 85). Anal. calcd for 556 

C19H18N2O4: C, 67.45; H, 5.36; N, 8.28. Found: C, 67.56; H, 5.45; N, 8.34. 557 

1-Acetyl-2-(((2,5-dimethoxyphenyl)amino)methylene)indolin-3-one 12h 558 

Yield 0.16 g (47 %), white solid, mp 176-177 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.69 (3H, 559 

s, CH3CO), 3.76 and 3.89 (3H and 3H, s and s, 2CH3O), 6.62 (1H, dd, J = 8.9, 2.7 Hz, 3’-CHar), 560 

6.90 (1H, d, J = 2.7 Hz, 6’-CHar), 7.01 (1H, d, J = 8.9 Hz, 4’-CHar), 7.31 (1H, t, J = 7.4 Hz, 6-CHar), 561 

7.64 (1H, t, J = 7.8 Hz, 5-CHar), 7.77 (1H, d, J = 7.6 Hz, 4-CHar), 7.94 (1H, d, J = 8.5 Hz, 7-CHar), 562 

8.94 (1H, d, J = 11.9 Hz, CH), 11.94 (1H, d, J = 12.3 Hz, NH). 13C NMR (DMSO-d6; δ, ppm): 26.5, 563 

55.4, 56.4, 100.2, 107.7, 112.8, 116.3, 116.8, 122.3, 123.3, 124.8, 129.5, 133.3, 134.2, 142.3, 564 

143.2, 154.0, 168.3, 180.0. MS (EI; rel. int., %): m/z 338 (M+, 92). Anal. calcd for C19H18N2O4: C, 565 

67.45; H, 5.36; N, 8.28. Found: C, 67.32; H, 5.29; N, 8.16. 566 

1-Acetyl-2-(((3,4,5-trimethoxyphenyl)amino)methylene)indolin-3-one 12i 567 

Yield 0.25 g (73 %), white solid, mp 219-220 °C (methanol:DMF). 1H NMR (DMSO-d6; δ, ppm): 568 

2.67 (3H, s, CH3CO), 3.66 (3H, s, CH3O), 3.84 (6H, s, 2CH3O), 6.58 (2H, s, 2’,6’-CHar), 7.29 (1H, t, 569 

J = 7.4 Hz, 5-CHar), 7.52-7.82 (2H, m, 2CHar), 7.92 (1H, d, J = 8.5 Hz, 7-CHar), 8.89 (1H, brs, CH), 570 

11,54 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.3, 55.9, 59.9, 95.9, 116.1, 122.0, 123.2, 571 

124.7, 130.0, 133.0, 134.5, 135.6, 136.2, 143.0, 153.6, 168.1, 179.6. MS (EI; rel. int., %): m/z 368 572 

(M+, 92). Anal. calcd for C20H20N2O5: C, 65.21; H, 5.47; N, 7.60. Found: C, 65.15; H, 5.53; N, 7.56. 573 

1-Acetyl-2-(((4-ethoxyphenyl)amino)methylene)indolin-3-one 12j 574 

Yield 0.24 g (75 %), white solid, mp 156-157 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 1.33 575 

(3H, t, J = 6.9 Hz, CH3O), 2.69 (3H, s, CH3CO), 4.01 (2H, q, CH3CH2), 6.96 (2H, d, J = 8.7 Hz, 576 

3’,5’-CHar), 7.29 (3H, m, 3CHar), 7.49-7.85 (2H, m, 2CHar), 7.94 (1H, d, J = 8.5 Hz, 7-CHar), 8.95 577 

(1H, brs, CH), 11.91 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 14.7, 26.9, 63.3, 115.6, 115.9, 578 

116.5, 118.0, 122.3, 123.5, 125.1, 132.9, 133.1, 137.0, 142.7, 155.4, 168.5, 179.3. MS (EI; rel. int., 579 

%): m/z 322 (M+, 89). Anal. calcd for C19H18N2O3: C, 70.79; H, 5.63; N, 8.69. Found: C, 70.86; H, 580 

5.56; N, 8.59. 581 

1-Acetyl-2-(((4-butoxyphenyl)amino)methylene)indolin-3-one 12k 582 
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Yield 0.26 g (74 %), white solid, mp 136-137 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 0.94 583 

(3H, t, J = 7.3 Hz, CH3), 1.44 (2H, hex, 2H, J = 7.1 Hz, CH3CH2), 1.69 (2H, quint, J = 6.6 Hz, CH2), 584 

2.67 (3H, s, CH3CO), 3.95 (2H, t, J = 6.3 Hz, CH2O), 6.95 (2H, d, J = 8.6 Hz, 2CHar), 7.11-7.41 585 

(3H, m, 3CHar), 7.51-7.83 (2H, m, 2CHar), 7.91 (1H, d, J = 8.4 Hz, 7-CHar), 8.92 (1H, brs, CH), 586 

11.90 (1H, s, NH). 13C NMR (DMSO-d6; δ, ppm): 13.6, 18.7, 26.7, 30.8, 67.7, 115.8, 116.0, 116.4, 587 

118.0, 122.3, 123.4, 125.2, 133.1, 137.0, 142.8, 155.7, 168.4, 179.3. MS (EI; rel. int., %): m/z 350 588 

(M+, 87). Anal. calcd for C21H22N2O3: C, 71.98; H, 6.33; N, 7.99. Found: C, 72.05; H, 6.24; N, 8.06. 589 

1-Acetyl-2-(((2-(trifluoromethyl)phenyl)amino)methylene)indolin-3-one 12l 590 

Yield 0.15 g (43 %), white solid, mp 209-210 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.71 (3H, 591 

s, CH3CO), 7.16-7.50 (2H, m, 2CHar), 7.59-7.89 (5H, m, 5CHar), 7.98 (1H, d, J = 8.5 Hz, 7-CHar), 592 

9.03 (1H, d, J = 11.2 Hz, CH), 12.24 (1H, d, J = 11.3 Hz, NH). 13C NMR (DMSO-d6; δ, ppm): 26.5, 593 

116.3, 116.8, 117.8, 121.3, 122.6, 123.2, 123.5, 124.2, 126.5, 126.6, 126.7, 134.0, 134.1, 134.7, 594 

137.8, 143.8, 168.3, 181.3. MS (EI; rel. int., %): m/z 346 (M+, 88). Anal. calcd for C18H13F3N2O2: C, 595 

62.43; H, 3.78; N, 8.09. Found: C, 62.51; H, 3.69; N, 7.98. 596 

1-Acetyl-2-(((3-(trifluoromethyl)phenyl)amino)methylene)indolin-3-one 12m 597 

Yield 0.18 g (52 %), white solid, mp 156-157 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.69 (3H, 598 

s, CH3CO), 7.07-7.51 (2H, m, 2CHar), 7.52-7.86 (5H, m, 5CHar), 7.95 (1H, d, J = 8.5 Hz, 7-CHar), 599 

8.97 (1H, brs, CH), 11.75 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.7, 113.0, 113.1, 116.6, 600 

117.0, 119.6, 119.7, 120.1, 122.6, 123.6, 124.6, 130.8, 134.0, 135.0, 140.7, 143.7, 168.6, 180.8. 601 

MS (EI; rel. int., %): m/z 346 (M+, 94). Anal. calcd for C18H13F3N2O2: C, 62.43; H, 3.78; N, 8.09. 602 

Found: C, 62.54; H, 3.82; N, 7.94. 603 

1-Acetyl-2-(((4-(trifluoromethyl)phenyl)amino)methylene)indolin-3-one 12n 604 

Yield 0.14 g (40 %), white solid, mp 195-197 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.67 (3H, 605 

s, CH3CO), 7.14-8.06 (8H, m, 8CHar), 8.96 (1H, d, J = 11.2 Hz, CH), 11.73 (d, J = 11.6 Hz, NH). 606 

13C NMR (DMSO-d6; δ, ppm): 26.6, 116.1, 116.3, 117.2, 122.5, 123.5, 124.4, 126.7, 133.9, 134.0, 607 

143.0, 143.6, 168.4, 180.9. MS (EI; rel. int., %): m/z 346 (M+, 95). Anal. calcd for C18H13F3N2O2: C, 608 

62.43; H, 3.78; N, 8.09. Found: C, 62.57; H, 3.83; N, 8.01. 609 

1-Acetyl-2-(((3-(trifluoromethoxy)phenyl)amino)methylene)indolin-3-one 12o 610 

Yield 0.17 g (47 %), white solid, mp 119-120 °C (hexane:isopropanol). 1H NMR (DMSO-d6; δ, 611 

ppm): 2.68 (3H, s, CH3CO), 7.04 (1H, d, J = 8.2 Hz, 4’-CHar), 7.30 (3H, m, 3CHar), 7.50 (1H, t, J = 612 

8.1 Hz, 5-CHar), 7.58-7.84 (2H, m, 2CHar), 7.94 (1H, d, J = 8.5 Hz, 7-CHar), 8.91 (1H, d, J = 6.2 Hz, 613 

CH), 11.67 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.8, 109.2, 115.2, 116.6, 117.0, 122.6, 614 

123.6, 124.6, 131.4, 134.0, 135.0, 141.7, 143.7, 149.4, 168.6, 180.8. MS (EI; rel. int., %): m/z 362 615 

(M+, 86). Anal. calcd for C18H13F3N2O3: C, 59.67; H, 3.62; N, 7.73. Found: C, 59.74; H, 3.72; N, 616 

7.65. 617 

1-Acetyl-2-(((4-(trifluoromethoxy)phenyl)amino)methylene)indolin-3-one 12p 618 

Yield 0.20 g (55 %), white solid, mp 179-181 °C (ethyl acetate). 1H NMR (DMSO-d6; δ, ppm): 2.69 619 

(3H, s, CH3CO), 7.13-7.57 (5H, m, 5CHar), 7.57-7.86 (2H, m, 2CHar), 7.94 (1H, d, J = 8.5 Hz, 7-620 
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CHar), 8.93 (1H, brs, CH), 11.77 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.4, 116.3, 116.7, 621 

117.4, 117.7, 122.1, 122.3, 122.6, 123.3, 124.6, 133.5, 135.4, 138.9, 143.4, 143.9, 168.3, 180.4. 622 

MS (EI; rel. int., %): m/z 362 (M+, 81). Anal. calcd for C18H13F3N2O3: C, 59.67; H, 3.62; N, 7.73. 623 

Found: C, 59.59; H, 3.54; N, 7.67. 624 

3-(((1-Acetyl-3-oxoindolin-2-ylidene)methyl)amino)benzoic acid ethyl ester 12q 625 

Yield 0.22 g (63 %), white solid, mp 159-160 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 1.36 626 

(3H, t, J = 7.1 Hz, CH3CH2), 2.69 (3H, s, CH3CO), 4.35 (2H, q, J = 7.1 Hz, CH3CH2), 7.30 (1H, t, J 627 

= 7.4 Hz, 5-CHar), 7.42-7.83 (6H, m, 6CHar), 7.90 (1H, d, J = 8.4 Hz, 7-CHar), 8.99 (1H, s, CH), 628 

11.78 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 13.8, 26.3, 60.6, 116.2, 116.7, 120.1, 120.5, 629 

122.3, 123.2, 123.7, 124.5, 129.9, 131.3, 133.4, 135.0, 140.0, 143.3, 164.9, 168.2, 180.4. MS (EI; 630 

rel. int., %): m/z 350 (M+, 75). Anal. calcd for C20H18N2O4: C, 68.56; H, 5.18; N, 8.00. Found: C, 631 

68.41; H, 5.22; N, 8.06. 632 

3-(((1-Acetyl-3-oxoindolin-2-ylidene)methyl)amino)benzenesulfonamide 12r 633 

Yield 0.17 g (48 %), white solid, mp 214-215 °C (acetonitrile:DMF). 1H NMR (DMSO-d6; δ, ppm): 634 

2.70 (3H, s, CH3CO), 7.16-8.08 (10H, m, 8CHar & NH2), 9.05 (1H, brs, CH), 11.84 (1H, brs, NH). 635 

13C NMR (DMSO-d6; δ, ppm): 26.9, 112.9, 116.6, 117.1, 119.8, 120.3, 122.7, 123.7 124.6, 126.0, 636 

130.6, 134.0, 135.1, 140.3, 143.5, 145.7, 168.7, 180.8. MS (EI; rel. int., %): m/z 357 (M+, 74). Anal. 637 

calcd for C17H15N3O4S: C, 57.13; H, 4.23; N, 11.76. Found: C, 57.21; H, 4.15; N, 11.64. 638 

1-Acetyl-2-((pyridin-2-ylamino)methylene)indolin-3-one 12s 639 

Yield 0.21 g (73 %), white solid, mp 162-164 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.67 (3H, 640 

s, CH3CO), 6.90-7.49 (3H, m, 3CHar), 7.51-8.07 (4H, m, 4CHar), 8.35 (1H, t, J = 5.9 Hz, 7-CHar), 641 

9.47 (1H, d, J = 11.4 Hz, CH), 11.76 (1H, d, J = 11.5 Hz, NH). 13C NMR (DMSO-d6; δ, ppm): 27.0, 642 

111.9, 116.5, 117.4, 118.8, 122.7, 123.5, 124.5, 132.9, 134.0, 138.8, 143.8, 148.3, 151.1, 168.4, 643 

181.3. MS (EI; rel. int., %): m/z 279 (M+, 64). Anal. calcd for C16H13N3O2: C, 68.81; H, 4.69; N, 644 

15.05. Found: C, 68.89; H, 4.78; N, 15.11. 645 

1-Acetyl-2-((pyridin-4-ylamino)methylene)indolin-3-one 12t 646 

Yield 0.04 g (30 %), white solid, mp 267-268 °C (decomp.) (methanol). 1H NMR (DMSO-d6; δ, 647 

ppm): 2.69 (3H, s, CH3CO), 7.19-7.41 (3H, m, 3CHar), 7.59-7.86 (2H, m, 2CHar), 7.95 (1H, d, J = 648 

8.5 Hz, CHar), 8.44 (2H, d, J = 6.0 Hz, 2CHar), 8.95 (1H, d, J = 11.6 Hz, CH), 12.0 (1H, d, J = 12.0 649 

Hz, NH). 13C NMR (DMSO-d6; δ, ppm): 26.3, 110.4, 116.4, 117.7, 122.5, 123.5, 124.1, 132.7, 650 

134.2, 144.2, 14.2, 150.5, 168.4, 181.6. MS (EI; rel. int., %): m/z 279 (M+, 59). Anal. calcd for 651 

C16H13N3O2: C, 68.81; H, 4.69; N, 15.05. Found: C, 68.77; H, 4.74; N, 15.08. 652 

1-Acetyl-2-(((3-benzylphenyl)amino)methylene)indolin-3-one 12u 653 

Yield 0.25 g (68 %), white solid, mp 154-155 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.68 654 

(3H, s, CH3CO), 3.96 (2H, s, CH2), 6.97 (1H, d, J = 7.5 Hz, CHar), 7.04-7.49 (9H, m, 9CHar), 7.65 655 

(1H, t, J = 7.4 Hz, 5-CHar), 7.77 (1H, d, J = 7.5 Hz, 4-CHar), 7.92 (1H, d, J = 8.5 Hz, 7-CHar), 8.99 656 

(1H, brs, CH), 11.81 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.8, 40.9, 113.9, 116.4, 116.5, 657 

116.7, 122.4, 123.5, 124.3, 124.8, 126.0, 128.4, 128.7, 129.9, 133.5, 136.0, 139.7, 140.8, 143.1, 658 
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143.2, 168.5, 180.0. MS (EI; rel. int., %): m/z 368 (M+, 83). Anal. calcd for C24H20N2O2: C, 78.24; H, 659 

5.47; N, 7.60. Found: C, 78.15; H, 5.54; N, 7.54. 660 

1-Acetyl-2-(((4-benzylphenyl)amino)methylene)indolin-3-one 12v 661 

Yield 0.21 g (57 %), white solid, mp 143-145 °C (ethyl acetate). 1H NMR (DMSO-d6; δ, ppm): 2.67 662 

(3H, s, CH3CO), 3.91 (2H, s, CH2), 7.03-7.46 (10H, m, 10CHar), 7.49-7.84 (2H, m, 2CHar), 7.92 (1H, 663 

d, J = 8.5 Hz, 7-CHar), 8.99 (1H, d, J = 9.6 Hz, CH), 11.85 (1H, d, J = 11.9 Hz, NH). 13C NMR 664 

(DMSO-d6; δ, ppm): 26.8, 40.3, 116.2, 116.5, 122.4, 123.5, 124.9, 125.9, 128.4, 128.6, 130.0, 665 

133.4, 136.2, 137.0, 137.7, 141.2, 143.0, 168.5, 179.8. MS (EI; rel. int., %): m/z 368 (M+, 89). white 666 

solid, Anal. calcd for C24H20N2O2: C, 78.24; H, 5.47; N, 7.60. Found: C, 78.32; H, 5.36; N, 7.64. 667 

1-Acetyl-2-(((3-phenoxyphenyl)amino)methylene)indolin-3-one 12w 668 

Yield 0.27 g (68 %), white solid, mp 149-150 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.66 669 

(3H, s, CH3CO), 6.85-7.20 (5H, m, 5CHar), 7.20-7.43 (5H, m, 5CHar), 7.62 (1H, t, J = 7.7 Hz, 5-670 

CHar), 7.73 (1H, d, J = 7.5 Hz, 4-CHar), 7.87 (1H, d, J = 8.5 Hz, 7-CHar), 8.94 (1H, brs, CH), 11.86 671 

(1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.9, 116.3, 116.5, 118.1, 120.3, 122.4, 12.2, 123.5, 672 

124.9, 130.0, 133.4, 135.6, 136.4, 143.0, 152.7, 157.1, 168.5, 179.8. MS (EI; rel. int., %): m/z 370 673 

(M+, 74). Anal. calcd for C23H18N2O3: C, 74.58; H, 4.90; N, 7.56. Found: C, 74.67; H, 4.85; N, 7.44. 674 

1-Acetyl-2-(((4-(phenylamino)phenyl)amino)methylene)indolin-3-one 12x 675 

Yield 0.27 g (73 %), white solid, mp 184-185 °C (isopropanol:DMF). 1H NMR (DMSO-d6; δ, ppm): 676 

2.70 (3H, s, CH3CO), 6.81 (1H, t, J = 7.2 Hz, 5-CHar), 6.96-7.41 (9H, m, 9CHar), 7.65 (1H, t, J = 8.5 677 

Hz, 6-CHar), 7.78 (1H, d, J = 7.7 Hz, 4-CHar), 7.94 (1H, d, J = 8.5 Hz, 7-CHar), 8.21 (1H, brs, NH), 678 

8.99 (1H, s, CH), 12.02 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 26.9, 115.8, 116.4, 117.9, 679 

118.2, 119.6, 122.2, 123.5, 125.1, 129.2, 132.2, 133.1, 136.8, 140.1, 142.6, 143.4, 168.6, 179.0. 680 

MS (EI; rel. int., %): m/z 369 (M+, 91). Anal. calcd for C23H19N3O2: C, 74.78; H, 5.18; N, 11.37. 681 

Found: C, 74.69; H, 5.11; N, 11.32. 682 

1-Acetyl-5-methoxy-2-(((4-methoxyphenyl)amino)methylene)indolin-3-one 13a 683 

Yield 0.12 g (48 %), white solid, mp 161-162 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.62 (3H, 684 

s, CH3CO), 3.76 (3H, s, CH3O), 3.82 (3H, s, CH3O), 6.96 (2H, d, J = 8.8 Hz, 2’,6’-CHar), 7.20 (4H, 685 

m, 4CHar), 7.79 (d, J = 9.4 Hz, 7-CHar), 8.89 (1H, brs, CH), 11.55 (1H, brs, NH). 13C NMR (DMSO-686 

d6; δ, ppm): 26.6, 55.3, 55.6, 103.9, 115.1, 116.4, 117.7, 118.1, 121.4, 126.0, 133.0, 137.2, 155.7, 687 

156.1, 168.0, 179.0. MS (EI; rel. int., %): m/z 338 (M+, 86). Anal. calcd for C19H18N2O4: C, 67.45; H, 688 

5.36; N, 8.28. Found: C, 67.52; H, 5.42; N, 8.21. 689 

3-(((1-Acetyl-5-methoxy-3-oxoindolin-2-ylidene)methyl)amino)benzoic acid ethyl ester 13b 690 

Yield 0.09 g (32 %), white solid, mp 169-170 °C (methanol ). 1H NMR (DMSO-d6; δ, ppm): 1.35 691 

(3H, t, J = 7.1 Hz, CH3CH2), 2.62 (3H, s, CH3CO), 3.80 (3H, s, CH3O), 4.33 (2H, q, J = 7.1 Hz, 692 

CH3CH2), 7.17 (2H, dd, J = 12.9, 3.9 Hz, 2CHar), 7.33-7.95 (5H, m, 5CHar), 8.94 (1H, d, J = 10.8 693 

Hz, CH), 11.72 (1H, d, J = 11.8 Hz, NH). 13C NMR (DMSO-d6; δ, ppm): 14.0, 26.4, 55.7, 60.9, 694 

104.5, 116.5, 117.4, 120.8, 121.9, 123.9, 125.8, 130.1, 131.6, 135.3, 138.1, 140.2, 155.9, 165.2, 695 
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167.9, 180.4. MS (EI; rel. int., %): m/z 380 (M+, 89). Anal. calcd for C21H20N2O5: C, 66.31; H, 5.30; 696 

N, 7.36. Found: C, 66.23; H, 5.36; N, 7.27. 697 

1-Acetyl-5-chloro-2-(((4-methoxyphenyl)amino)methylene)indolin-3-one 14a 698 

Yield 0.08 g (45 %), white solid, p 167-168 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.67 699 

(3H, s, CH3CO), 3.77 (3H, s, CH3O), 6.98 (2H, d, J = 8.9 Hz, 3’,5’-CHar), 7.26 (2H, d, J = 8.7 Hz, 700 

2’,6’-CHar), 7.49-7.82 (2H, m, 4,5-CHar), 7.96 (1H, d, J = 8.9 Hz, 7-CHar), 8.89 (1H, brs, CH). 13C 701 

NMR (DMSO-d6; δ, ppm): 26.5, 55.5, 115.7, 116.3, 118.4, 121.3, 126.6, 128.1, 132.4, 132.9, 702 

137.9, 141.2, 156.6, 168.1, 171.5. MS (EI; rel. int., %): m/z 342 (M+, 69). Anal. calcd for 703 

C18H15ClN2O3: C, 63.07; H, 4.41; N, 8.17. Found: C, 63.11; H, 4.53; N, 8.12. 704 

3-(((1-Acetyl-5-chloro-3-oxoindolin-2-ylidene)methyl)amino)benzoic acid ethyl ester 14b 705 

Yield 0.1 g (50 %), white solid, mp 175-176 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 1.37 706 

(3H, t, J = 7.1 Hz, CH3CH2), 2.68 (3H, s, CH3CO), 4.37 (2H, q, J = 7.1 Hz, CH3CH2), 7.38-7.83 (6H, 707 

m, 6CHar), 7.96 (1H, d, J = 8.9 Hz, 7-CHar), 8.97 (1H, brs, CH), 11.80 (1H, brs, NH). 13C NMR 708 

(DMSO-d6; δ, ppm): 13.9, 26.3, 60.7, 116.7, 117.1, 118.2, 120.9, 121.5, 124.2, 126.1, 128.1, 709 

130.0, 131.5, 132.9, 136.0, 139.9, 141.8, 165.0, 168.3, 178.7. MS (EI; rel. int., %): m/z 384 (M+, 710 

73). Anal. calcd for C20H17ClN2O4: C, 62.42; H, 4.45; N, 7.28. Found: C, 62.34; H, 4.52; N, 7.15. 711 

General procedure for the synthesis of 1-acetyl-2-((arylamino)methylene)-1,2-dihydro-3H-712 

pyrrolo[2,3-b]pyridin-3-ones 18a-d 713 

A mixture of 1-acetyl-1,2-dihydro-3H-pyrrolo[2,3-b]pyridin-3-one 17 (1.0 eqv) and 714 

piperidine-carboxaldehyde dimetylacetal (2.5 eqv) in benzene (6 mL) was stirred at room 715 

temperature for 3 h. After completion of the reaction (monitored by TLC using benzene:methanol 716 

9:1 as an eluent), the reaction mixture was concentrated in vacuo, and the corresponding aniline 717 

(1.1 eqv) and AcOH (3.0 mL) in isopropanol (6 mL) was added to the residue. The resulting 718 

reaction mixture was stirred at room temperature for 2-24 h. The precipitate was filtered off, 719 

washed with isopropanol and diethyl ether, and recrystallized from the corresponding solvent to 720 

afford the product as a white solid. 721 

1-Acetyl-2-(((2-methoxyphenyl)amino)methylene)-1,2-dihydro-3H-pyrrolo[2,3-b]pyridin-3-one 18a 722 

Yield 0.07 g (44 %), white solid, mp 171-172 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.88 (3H, 723 

s, CH3CO), 3.77 (3H, s, CH3O), 7.00 (2H, d, J = 8.4 Hz, 3’,5’-CHar), 7.23-7.45 (3H, m, 3CHar), 8.21 724 

(1H, d, J = 7.5 Hz, 4-CHar), 8.66 (1H, s, 6-CHar), 9.18 (1H, brs, CH), 11.89 (1H, brs, NH). 13C NMR 725 

(DMSO-d6; δ, ppm): 27.0, 55.2, 115.0, 115.5, 116.6, 117.9, 119.2, 131.2, 131.3, 132.1, 137.6, 726 

151.5, 154.1, 156.2, 168.4, 176.4. MS (EI; rel. int., %): m/z 309 (M+, 82). Anal. calcd for 727 

C16H15N3O2: C, 68.31; H, 5.37; N, 14.94. Found: C, 68.23; H, 5.43; N, 14.83. 728 

3-(((1-Acetyl-3-oxo-1,3-dihydro-2H-pyrrolo[2,3-b]pyridin-2-ylidene)methyl)amino)benzoic acid ethyl 729 

ester 18b 730 

Yield 0.13 g (33 %), white solid, mp 152-153 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 1.35 731 

(3H, t, J = 7.1 Hz, CH3CH2), 2.83 (3H, s, CH3CO), 4.33 (2H, q, J = 7.1 Hz, CH3CH2), 7.16-7.87 (5H, 732 

m, 5CHar), 8.10 (1H, d, J = 7.6 Hz, 4-CHar), 8.57 (1H, d, J = 4.7 Hz, 6-CHar), 9.11 (1H, brs, CH), 733 
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11.92 (1H, brs, NH). 13C NMR (DMSO-d6; δ, ppm): 13.8, 27.0, 60.6, 116.1, 116.3, 116.7, 119.3, 734 

120.6, 124.0, 129.9, 131.3, 131.6, 135.6, 139.7, 152.1, 154.7, 164.8, 168.5, 177.8. MS (EI; rel. int., 735 

%): m/z 351 (M+, 88). Anal. calcd for C19H17N3O4: C, 64.95; H, 4.88; N, 11.96. Found: C, 64.84; H, 736 

4.76; N, 11.81. 737 

1-Acetyl-2-(((3-fluorophenyl)amino)methylene)-1,2-dihydro-3H-pyrrolo[2,3-b]pyridin-3-one 18c 738 

Yield 0.06 g (18 %), mp 154-155 °C (isopropanol). 1H NMR (DMSO-d6; δ, ppm): 2.81 (3H, s, 739 

CH3CO), 6.88 (1H, td, J = 8.6 Hz, 2.2 Hz, 5’-CHar), 6.07-7.21 (2H, m, 2CHar), 7.21-7.57 (2H, m, 740 

2CHar), 8.10 (1H, dd, J = 7.7, 1.7 Hz, 4-CHar), 8.58 (1H, dd, J = 4.8, 1.7 Hz, 6-CHar), 9.06 (1H, d, J 741 

= 10.3 Hz, CH),11.58 (1H, d, J = 11.0 Hz, NH). 13C NMR (DMSO-d6; δ, ppm): 27.5, 103.4, 103.9, 742 

110.1, 110.5, 112.4, 116.4, 116.9, 119.6, 131.4, 131.6, 131.9, 135.9, 141.3, 141.6, 152.4, 154.9, 743 

160.5, 165.4, 168.7, 178.0. MS (EI; rel. int., %): m/z 297 (M+, 91). Anal. calcd for C16H12FN3O2: C, 744 

64.64; H, 4.07; N, 14.13. Found: C, 64.76; H, 4.15; N, 14.04. 745 

1-Acetyl-2-(((3-benzylphenyl)amino)methylene)-1,2-dihydro-3H-pyrrolo[2,3-b]pyridin-3-one 18d 746 

Yield 0.17 g (38 %), white solid, mp 128-130 °C (methanol). 1H NMR (DMSO-d6; δ, ppm): 2.83 (3H, 747 

s, CH3CO), 3.95 (2H, s, CH2), 7.82-7.48 (10H, m, 10CHar), 8.12 (1H, dd, J = 7.6 Hz, 1.7, 4-CHar), 748 

8.57 (1H, dd, J = 4.8, 1.7 Hz, 6-CHar), 9.14 (1H, d, J = 11.9 Hz, CH), 11.73 (1H, d, J = 12.0 Hz, 749 

NH). 13C NMR (DMSO-d6; δ, ppm): 27.5, 40.9, 113.9, 116.0, 116.8, 117.1, 119.5, 124.6, 126.0, 750 

128.4, 128.7, 129.9, 131.8, 136.6, 139.5, 140.8, 143.2, 152.1, 154.5, 168.7, 177.4. MS (EI; rel. int., 751 

%): m/z 369 (M+, 85). Anal. calcd for C23H19N3O2: C, 74.78; H, 5.18; N, 11.37. Found: C, 74.83; H, 752 

5.26; N, 11.45. 753 

Biology 754 

Screening for Activity against Influenza Virus A Neuraminidase 755 

Cell and Viruses. Influenza virus A/PR/9/34 (A/PR/8/34; Institute for Virology, Philipps University 756 

Marburg, Germany) and influenza virus A/Jena/5258/09 ) (isolated and kindly provided by Andy 757 

Krumbholz) were grown and titrated in Madin Darby canine Kidney (MDCK; Friedrich Löffler 758 

Institute; Germany) cells and proven to be sensitive to oseltamivir and zanamivir previously. [58-759 

60]. 760 

Chemiluminescence (CL)-Based Neuraminidase Inhibition Assay. NA activity was determined in 761 

96-well white U-bottom microplates (Greiner bio-one GmbH, Frickenhausen, Germany) using the 762 

commercial CL-based NA-Star assay (NA-Star Influenza Neuraminidase Inhibitor Resistance 763 

Detection Kit, Applied Biosystems, Darmstadt, Germany), according to the manufacturer’s 764 

instructions with slight modifications as published before [60]. At least three individual experiments 765 

were performed for the calculation of the 50% inhibitory concentration of NA with the JASPR curve-766 

fitting software [47]. The 50% Inhibitory concentration was defined as the compound concentration 767 

required to reduce the NA enzymatic activity by 50%. Oseltamivir carboxylate (OS) was used as a 768 

positive control.  769 
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Cell-based Neuraminidase Inhibition assay: was performed with influenza virus A/Jena/5258/09 in 770 

human erythrocytes (Institute of Transfusion Medicine, University Hospital Jena, Jena, Germany) 771 

as published [60]. At least three individual experiments were performed. 772 

Evaluation of Selected Compounds for Cytotoxicity in MDCK Cells and Activity against 773 

Influenza Virus A  774 

Cell and Viruses. Influenza virus A/Puerto Rico/8/34 (H1N1) was propagated in the allantoic cavity 775 

of 10- to 12-day-old chicken embryos for 48 h at 36 °C before the experiment. The infectious titre of 776 

the virus was determined in Madin-Darby Canine Kidney (MDCK) cells (ATCC-CCL-34) grown in 777 

96-well plates in alpha-Eagle’s Minimal Essential Medium (MEM) medium with 10% fetal bovine 778 

serum. 779 

Cytotoxicity Assay. MTS assay was performed using the CellTiter 96 AQueous One Solution Cell 780 

Proliferation Assay kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions 781 

with slight modifications. MDCK cells were seeded into 96-well culture plates (104 cells per well) 782 

and incubated in a 5% CO2 atmosphere at 37 °C for 24 h. To assess the cytotoxicity of the 783 

compounds, a series of their 1.5-fold dilutions at concentrations of 400 to 10 μg/mL were prepared 784 

in 100 µl of culture medium and added to the wells of the plates. The plates were incubated in a 785 

5% CO2 atmosphere at 37 °C for 48 h, then the medium was removed, and 20 µl of CellTiter 96 786 

AQueous One Solution reagent was added into each well of the 96-well plates containing samples in 787 

100 µl of culture medium. After 30 min at 37°C in a 5% CO2 atmosphere, optical density at 490 nm 788 

was recorded using a Benchmark Plus microplate reader (Bio-Rad, Hercules, CA, USA). An online 789 

IC50 calculator (www.aatbio.com/tools/ic50-calculator, AAT Bioquest, Pleasanton, CA, USA) was 790 

used to plot dose-response curves and calculate CC50 values. 50%-Cytotoxic concentration CC50 791 

was defined as the compound concentration that destroys 50% of the cells in culture. Each 792 

concentration was tested three times. 793 

Influenza Hemagglutination Inhibition Assay. The compounds were dissolved in 0.1 mL DMSO to 794 

prepare stock solutions, and final solutions (300.0-4.0 μM) were prepared by adding MEM with 1 795 

μg/mL trypsin. Compounds were incubated with MDCK cells at 36 °C for 1 h. The cell culture was 796 

then infected with influenza virus A/Puerto Rico/8/34 (H1N1) (MOI 0.01) and incubated in a 5% 797 

CO2 atmosphere at 36 °C for 24 h. Serial 10-fold dilutions were then prepared and used to infect 798 

MDCK cells, and the plates were incubated in a 5% CO2 atmosphere at 36 °C for 48 h. A virus titre 799 

in the supernatant was determined by hemagglutination test using chicken erythrocytes. To do this, 800 

100 μl of culture medium was transferred into wells of round-bottom plates for immunoassays and 801 

an equal volume of 1% suspension of chicken erythrocytes in saline was added. The level of virus 802 

reproduction in the wells of the panel was assessed by the hemagglutination reaction of 803 

erythrocytes. The virus titre was defined as the reciprocal of the highest dilution of the virus 804 

capable of inducing a positive hemagglutination reaction. Infectious virus titre was expressed as 805 

50% of the experimental infectious dose of virus ID50 in 0.2 mL. The 50% effective concentration 806 

(EC50), defined as the compound concentration offering 50% inhibition of viral infectious titre in 807 
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cells compared to placebo, was calculated from the corresponding dose-response curves. Each 808 

concentration was tested three times.  809 

Efficacy Studies 810 

Compounds. Oseltamivir phosphate (oseltamivir) [ethyl(3R,4R,5S)-4-acetamido-5-amino-3-(1-811 

ethylpropoxy)-1-cyclohexene-1-carboxylate] was dissolved in sterile distilled water. Compounds 3e 812 

and 12o were dissolved in 10% Tween 80. 813 

Cells and virus. Madin Darby canine kidney (MDCK) cells (American Type Culture Collection, 814 

Manassas, VA) were grown in minimal essential medium (MEM) supplemented with 10% fetal 815 

bovine serum (FBS), 5 mM L-glutamine, 25 mM HEPES, 100 U/ml penicillin, 100 μg/ml 816 

streptomycin sulfate, and 100 μg/ml kanamycin sulfate in a humidified atmosphere of 5% CO2. 817 

Influenza A/California/04/2009 (H1N1)pdm09  was provided by the WHO National Influenza Centre 818 

of Russia (St. Petersburg, Russia) and adapted to mice. 819 

Assessment in a Mouse Model. 6 to 8 week-old female, specific pathogen-free BALB/C mice 820 

(12−14 g) (Stezar, Vladimir Region, Russia) (n = 13 mice/group) were lightly anesthetized and 821 

inoculated intranasally (30 μL/mouse) with 104 TCID50/ml of mouse-adapted A/California/04/2009 822 

(H1N1)pdm09 virus in PBS. The treatments were administered to the mice for 5 consecutive days, 823 

beginning 4 h before and 4 h after viral inoculation, by oral gavage using dose of 50 mg/kg of body 824 

weight/day for compounds 6202 and 6021 and dose of 20 mg/kg of body weight/day for 825 

oseltamivir, which were given twice daily. The placebo was administered in parallel with the 826 

antiviral treatments. Mice were monitored for 16 dpi for morbidity and mortality. Weight was 827 

measured daily for 5 consecutive days postinfection and then every other day for the rest of the 828 

study period. Animals that lost 30% or more of their initial body weight were euthanized. The 829 

weight loss or gain was calculated for each mouse as a percentage of its weight on day 0 before 830 

the virus inoculation. The reported values are the average percentage changes in weight  831 

All studies with animals were approved by the Mechnikov Research Institute of Vaccines and Sera 832 

Committee on the Ethics of Animal Experiments and were conducted in strict accordance with the 833 

applicable laws and guidelines (Study number 63/2024).  834 

Viral Pulmonary Titers. Whole lungs of mice from the compound efficacy experiments (n = 3/group) 835 

were harvested under sterile conditions on 4 day after virus inoculation, thoroughly rinsed with 836 

sterile PBS, homogenized, and resuspended in 1 mL of cold sterile PBS. Lung homogenates were 837 

cleared of cellular debris by centrifugation at 2000g for 10 min. The supernatants were serially 838 

diluted and inoculated into 96-well plates with confluent monolayers of MDCK cells to determine 839 

the TCID50. Virus titers in mouse lungs were calculated as the mean log10 TCID50/mL. 840 

Computational Studies 841 

Molecular Dynamics Simulations 842 

Classical molecular dynamics simulations were performed for complexes of neuraminidase 843 

from strain H1N1 and starting compounds 1a-d, and leading compounds from series 3, 7, 12. The 844 
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source of coordinates of heavy atoms was a crystal structure PDB ID: 3B7E [13]. Hydrogen atoms 845 

were added assuming neutral pH for all ionisable groups. CHARMM36 force field parameters were 846 

utilized for a protein macromolecule [51,52]. CGenFF was utilized for ligands parameterization [53]. 847 

The model system was prepared as follows. For each considered compound, 10 ligand molecules 848 

were randomly placed so that the distance between the protein surface and a ligand is larger than 849 

7 Å. Such systems were solvated in a rectangular water box so that the distance to border 850 

exceeded 15 Å. Then, systems were neutralized by adding sodium or chloride ions. MD 851 

simulations were performed at T = 300 K and p = 1 atm. Several runs were performed with the total 852 

length of 400 ns for each compound. MD trajectories were analyzed for the presence of binding 853 

sites. After that a novel set of model systems was considered. Each of these systems carried a 854 

complex of a protein with a ligand being bound to the protein in one of the binding sites found at 855 

the previous step. These MD simulations were performed for 100 ns. We monitored interactions 856 

between the enzyme and inhibitor and assigned interactions to the stable binding site if a ligand 857 

remained bound for more than 50 ns. RMSD over heavy protein atoms was calculated to be sure 858 

that the system is equilibrated and no additional processes occur in the protein-ligand complex. 859 

Protein-ligand interactions discussed in the results section were stable for the length of the whole 860 

MD run. MD simulations were performed using a NAMD3 program [54].  861 

Machine Learning  862 

Public data from ChEMBL [55] was obtained for compounds screened against influenza 863 

H1N1 (CHEMBL613740) and neuraminidase (ChEMBL6135) and used to generate Bayesian 864 

machine learning models with Assay Central software  and the extended connectivity fingerprint 865 

(ECFP6) descriptors as described previously [56].  Various metrics for internal predictive 866 

performance were generated after five-fold cross-validation: Recall, Precision, Specificity, F1-867 

Score, Receiver Operating Characteristic (ROC) curve, Cohen’s Kappa, and the Matthews 868 

Correlation Coefficient. These models were then used to score the compounds generated in this 869 

project. Assay Central predictions include both a probability-like score (values > 0.5 considered an 870 

active prediction) and an applicability score to assesses the representation of the predicted 871 

molecule within the training set. Additional model building with further machine learning algorithms 872 

was attempted (see Supplementary Materials). 873 

Physicochemical Properties Calculations 874 

The SwissADME web tool (http://www.swissadme.ch/, SIB Swiss Institute of Bioinformatics, 875 

Lausanne, Switzerland) was used to calculate the lipophilicity Log P and the polarity (topological 876 

polar surface area (TPSA)) for hit compounds. The consensus Log Po/w, the arithmetic mean of the 877 

values predicted by the five proposed methods, was used [57].  878 
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Data Availability 880 

Data supporting the findings of this study are presented in the paper or the Supplementary 881 

Materials. 882 
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